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We report high resolution ARPES measurements of detwinned FeSe single crystals. The application of a
mechanical strain is used to promote the volume fraction of one of the orthorhombic domains in the sample,
which we estimate to be 80% detwinned. While the full structure of the electron pockets consisting of two
crossed ellipses may be observed in the tetragonal phase at temperatures above 90 K, we find that remarkably,
only one peanut-shaped electron pocket oriented along the longer a axis contributes to the ARPES measure-
ment at low temperatures in the nematic phase, with the expected pocket along b being not observed. Thus
the low temperature Fermi surface of FeSe as experimentally determined by ARPES consists of one ellipti-
cal hole pocket and one orthogonally-oriented peanut-shaped electron pocket. Our measurements clarify the
long-standing controversies over the interpretation of ARPES measurements of FeSe.
INTRODUCTION
FeSe has emerged as a focus of research within the field
of Fe-based superconductors due to the observations of high-
Tc in FeSe under pressure, in intercalates, and in monolayer
form, and also because of the insight that it gives on the un-
resolved mystery of the nematic phase [1]. FeSe undergoes a
tetragonal-to-orthorhombic “nematic” structural transition at
90 K, but unlike other parent compounds of Fe-based super-
conductors this is not accompanied by magnetic ordering at
any temperature. While the symmetry-breaking distortion of
the lattice is only weak [2], much more sizeable anisotropies
are observed in measurements which probe electronic prop-
erties, such as resistivity [3], polarized femtosecond pump-
probe spectroscopy [4] and quasiparticle interference [5, 6].
It has been argued that orbital and not spin degrees of free-
dom are the driving force behind nematicity in FeSe [2, 7], al-
though perspectives that emphasize the role of magnetic fluc-
tuations have also been suggested [8–11]. The desire to de-
termine the magnitude and momentum-dependence of orbital
ordering effects has motivated several angle-resolved photo-
emission spectroscopy (ARPES) studies focusing on the evo-
lution of the electronic structure through the nematic transi-
tion [12–19]. However, a significant challenge is that FeSe
samples will naturally form structural twin domains in the ne-
matic phase, leaving some ambiguity in the interpretation of
the data because both domains contribute to the measured in-
tensity and restore fourfold symmetry macroscopically. Only
by measuring ‘detwinned’ crystals [20, 21] can the underlying
symmetry-breaking be fully revealed, and the controversies
surrounding the interpretation of the data be put to rest.
In this article we report high resolution ARPES measure-
ments of single crystal samples of FeSe which are detwinned
in the low-temperature orthorhombic phase by the application
of a mechanical strain. We confirm that the longer axis of
the elliptical hole pocket is parallel to the shorter b axis of
the orthorhombic structure. Our measurements of the electron
pockets in one domain below Ts reveal a stunning anisotropy:
although all reasonable models of the electronic structure of
FeSe to date have included electron pockets oriented along
both the a and b directions, in the nematic phase only the
peanut-shaped electron pocket oriented along the longer a
axis may be observed by ARPES. This remarkable symmetry-
breaking in the observed electronic structure can be consid-
ered to be profound manifestation of nematic order.
METHODS
Samples were grown by the chemical vapour transport
method [14, 22]. Samples of approximately 1000 × 1000 ×
50 µm size with uniform thickness and regular facets were se-
lected and mounted across the plates of the horseshoe-shaped
device. The samples were aligned by eye (within ∼ 2◦) such
that the Fe-Fe direction matched the direction of strain. Epo-
Tek H27D silver epoxy was used to mount the sample and
also acts as a medium to transmit the strain into the sample.
The devices were put under tension before sample mounting
and then further strain was applied to samples once the epoxy
is set, using the adjusting screw. From the pitch of the screw
we estimate that the tensile strain is ∼ 1% although the actual
strain at the sample surface could be different due to imper-
fect coupling, differential thermal expansion and other effects.
Due to the finite Poisson’s ratio, the actual strain on the sam-
ple may be described as an anisotropic triaxial strain. The
main text focuses on the sample where the greatest detwin-
ning effect was observed, but information on further partially
detwinned samples is provided in the Supplementary Infor-
mation (SI). ARPES measurements were performed at the I05
beamline at the Diamond Light Source, UK. The photoelec-
tron energy and angular distributions were analyzed with a
SCIENTA R4000 hemispherical analyzer. The measurement
temperature was 10 K unless explicitly stated, and the sam-
ple remained in a vacuum of < 2 × 10−10 mBar throughout
the measurements. The angular resolution was 0.2◦, and the
overall energy resolution was better than 10 meV.
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Hole Pockets. In Fig. 1 we present detwinned ARPES spec-
tra of the hole pocket of FeSe, using a photon energy of 23 eV
which corresponds to the Z point at the top of the Brillouin
zone [14], where the hole pocket is largest and the detwinning
effect can be best resolved. The ARPES data are obtained with
equivalent measurement geometries, with only the azimuthal
orientation of the sample differing by 90◦. Throughout this
paper we plot only the photoemission intensity, and do not
rely on any second-derivative analysis. To avoid ambiguity we
use X,Y labels when referring to the measurement geometry,
while x, y are defined with respect to the orthorhombic a, b
axes. We determine the a and b axes by associating the longer
a axis with the direction of the tensile uniaxial strain. It has
already been deduced from measurements of twinned sam-
ples that there is a single elliptical hole-like Fermi surface at
low temperatures [14, 16, 17]. However only detwinned mea-
surements can determine the direction of the elongation of the
hole pocket with respect to the orthogonal axes: by comparing
the Fermi surface maps in Fig. 1b,e), we find that the longer
axis of the elliptical hole pocket is directed along the shorter
b crystallographic axis in the orthorhombic phase (consistent
with the result of Ref. [21]). This implies that at the Γ (or
Z) point in the nematic phase, the dxz orbital is raised in en-
ergy, whereas the dyz orbital is lowered [19]. Since it is well-
established that the electron band with dyz character is raised
up towards the Fermi level at the M point [14, 17, 20, 21],
this results confirms that a momentum-independent ordering
of dxz/yz orbitals (i.e. ferro-orbital ordering) is not a possi-
ble explanation of the data [17, 21], and constrains any other
theoretical description of nematic order.
It can be seen from the high-symmetry measurements in
Fig. 1c,f) that although the intensity primarily follows either
the inner or outer dispersion depending on the sample orien-
tation, a much weaker intensity remains on the minority do-
main. This indicates that the sample is not fully detwinned,
but rather that the twin population is heavily weighted towards
one orientation due to the applied uniaxial strain. Furthermore
we can quantitatively estimate the detwinning effect by com-
paring the amplitude of peaks derived from fitting the MDCs
shown in Fig. 1c,f). By fitting the Momentum Distribution
Curves (MDCs) at the Fermi level with the same peak widths
in both cases, the amplitudes are related to the domain popu-
lations via a simple relationship described in the SI, and from
this we estimate that the domain populations in this sample
are split 80%-20%.
Electron Pockets. In the high temperature tetragonal phase,
the Fermi surface of the electron pockets around the M or A
points consists of two crossed ellipses [17]. These ellipses
undergo distortions in the nematic phase, and a cross-shaped
feature consisting of two peanut-shaped electron pockets is
observed at low temperatures in ARPES measurements of
twinned samples, which has been interpreted within various
different schemes [14, 16–18, 20, 21]. However until now it
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FIG. 1. ARPES measurements of the hole pockets of detwinned
FeSe. a) Microscope image of the sample in-situ after cleavage, with
tensile strain provided by the horseshoe device. b) Fermi surface map
around the Z point, and c) high-symmetry cut in the Z−Ab direction,
also plotting the MDC at the Fermi level. d-f) As left, but with sam-
ple rotated by 90◦ with respect to the measurement geometry, such
that the high-symmetry cut is now in the Z−Aa orientation. All data
obtained at 23 eV in LH polarisation, which highlights the dXZ or-
bital weight here. g) Simplified sketch of the hole band dispersions
and Fermi surface within one domain. Arrows indicate the shifts
observed in the nematic phase compared with the high-temperature
tetragonal phase. h) Labelled Brillouin zone of FeSe.
has not been clearly determined how the electron bands would
appear within one domain. In Fig. 2a-b) we find a remarkable
result: the ARPES measurements only show intensity on the
one peanut-shaped Fermi surface which is oriented along the
longer a axis. This can be considered as a manifestation of
nematic order: the system has chosen to pick out a unique
direction, and fourfold symmetry of the spectral intensity is
completely lost.
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FIG. 2. ARPES measurements of the electron pockets in one domain. a) i) Fermi surface map around the A point. ii-iii) High symmetry
cuts along kX and kY obtained with 56 eV LV (vertical) polarisation, and iv) along kY with LH (horizontal). b) Equivalent measurements
to above, but with the sample rotated by 90◦. c,d) Schematic of the observed bands in each domain; dashed lines represent bands observed
with ’switched parity’ and thin black lines represent the weak intensity contributions from the minority domain. e) Fermi surface map on an
‘accidentally detwinned sample’ taken at 100 eV in LV polarisation. Note that although the selection rules alternate between the first and
second Γ¯ points, the elongation of the hole pocket is along the b direction in both locations. This is clarified in the inset which shows a detailed
map of the hole Fermi surface at 23 eV LH on this sample which compares with Fig. 1b), indicating a detwinning effect in this sample. f,g)
Schematic apparent Fermi surfaces observed by ARPES measurements for the two orientations.
In Fig. 2c,d) we show a schematic of the observed bands
deduced from the maps and cuts presented in each sample ori-
entation, corresponding to a single peanut-shaped Fermi sur-
face in each case. The orbital characters are based on the
clear identification of separate dXY and dXZ/Y Z bands in
Ref. [17]. The contribution of the minority twin domain to
the observations is drawn as a thin black line. We do not draw
the expected second electron pocket along the b axis, which is
not directly observed by ARPES at low temperature.
This extraordinary result is accompanied by other strin-
gent and peculiar selection rules which modulate the observed
spectral weight. In FeSe the bands have distinct orbital char-
acters, and in the simplest case, by considering the parity
of the relevant atomic d-orbital with respect to the scatter-
ing plane, one can infer whether or not any photoemission
intensity is to be expected for a given incident beam polariza-
tion [23]. According to these basic selection rules we would
expect the bands with dXZ and dY Z orbital characters to be
observed in “LH” (p) and “LV” (s) polarizations respectively,
which in fact holds true at normal emission [14]. However
due to the presence of a glide symmetry connecting the two Fe
sites in the unit cell, some bands pick up an additional phase
factor in experiments [24–27], and are then observed with the
opposite polarisation to the conventional expectation. This
is highly relevant for the understanding of the observations of
the electron pockets in detwinned samples, although the effect
is not specific to the nematic phase. For instance, the vertical
sides of the Fermi surface in Fig. 2b) have dXZ character, but
4they are observed with “switched parity” and seen in LV po-
larization only, where conventionally the dXZ orbital should
be completely suppressed. In Fig. 2e) we show a large area
Fermi surface map obtained from a different sample, which
was not mounted on a strain device, but appears to have been
“accidentally detwinned”, perhaps due to an anisotropic strain
from the gluing of the sample [28]. The Ma point (i.e. the M
point reached along the a axis) on the scattering plane is sim-
ilar to Fig. 2a-i), but at the Mb point the intensity is reversed
- the strong dY Z intensity is completely suppressed, but the
ends of the pocket with dXY character are observed. More-
over at the hole pockets in the second Brillouin zone, the dXZ
sections appear in LV polarization while the dY Z sections are
suppressed, the opposite case to the first Γ point where it is
the dY Z sections which are observed conventionally. We can
summarise the matrix element effects by observing that the
simple, conventional matrix elements arguments based on the
parity of the d-orbital apply at normal emission, but that as
a result of interference effects arising from the glide symme-
try which relates neighbouring Fe sites, any translation of the
final photoelectron momentum by the wavevector (pi,pi) in-
duces a parity switching, such that a band with a given orbital
character is observed with the opposite polarisation to the con-
ventional expectation. This parity switching behavior persists
even into the 3rd and 4th Brillouin zones (SI). Full schemat-
ics of the Fermi surface of FeSe as measured by ARPES are
represented in Fig. 2f,g).
In Fig. 3 we summarise the comparison between measure-
ments of twinned and detwinned samples with Fermi surface
maps covering the whole first Brillouin zone. For the de-
twinned sample shown in Fig. 3a), the electron pockets at each
A point display intensity only on the peanut oriented along the
a axis. Moreover, the parity switching behaviour is also seen
in the different structures observed for the electron pockets at
A points separated by (pi,pi). These measurements in an un-
biased 45◦ rotated geometry confirm that the selection rules
obeyed by the electron pockets are intrinsically related to the
sample orientation as drawn in Fig. 2f,g), and are not a special
case due to the high symmetry measurement geometry. It is
natural that the equivalent measurements of twinned samples
in Fig. 3b) can be understood as a superposition of contribu-
tions from both domains. However what is less intuitive is
that one must also consider this superposition of matrix ele-
ment effects to account for the data at 100 K in Fig. 3c) in the
tetragonal phase. As a result of this superposition, essentially
the whole Fermi surface may be observed at high tempera-
tures, however within one orthorhombic domain this is not
the case.
DISCUSSION
The observed parity switching amongst the bands with
dxz/yz orbital character which accompanies any translation
by (pi,pi) is due to the fact that these orbitals have odd parity
under the glide symmetry which relates neighboring Fe sites
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FIG. 3. Fermi surface maps of FeSe. Data are taken at 56 eV, LV
polarisation, approximately corresponding to a Z-A plane. a) Fermi
surface map of detwinned FeSe. b) Equivalent measurement of an
unstrained twinned sample, including the characteristic cross-shaped
intensity at the M point seen in most measurements. c) Measurement
at 100 K in the tetragonal phase in the unstrained sample, showing
the full structure of the electron pockets.
[25]. This effect is therefore not related to the nematic or-
der, and is also observed in the tetragonal phase. However the
orientation of the orthorhombic distortion seems to play a cru-
cial role in the ARPES selection rules, since the longer a axis
picks out the direction of the branch of the electron pocket
on which spectral weight is found, whereas all bands are ob-
served in the tetragonal phase. TheCmma unit cell suggested
for orthorhombic FeSe [29] is only weakly distorted com-
pared to the P4/nmm tetragonal phase and preserves most
of the symmetry elements, so such a dramatic change in the
5observations is unexpected. We suggest that there must exist a
much deeper source of anisotropy in the nematic phase, which
then manifests in the ARPES selection rules. Therefore in
one sense, ARPES measurements reveal an electronic Ising-
nematic order parameter via the matrix elements, as well as
determining the symmetry-breaking quasiparticle band shifts
in the nematic phase [17]. The link between this “one-peanut”
selection rule and the underlying nematic order is a fascinat-
ing question which remains to be solved, but speculatively this
could be related to a fluctuating antiferromagnetic order.
The fate of the electron pocket oriented along the b axis in
the nematic phase remains something of a puzzle. One pos-
sible interpretation could be that the non-observation of this
pocket may be a strong selection rule, specific to the tech-
nique of ARPES. In this case the pocket still exists, still con-
tributes to the Luttinger count, and may have a detectable
influence on e.g. the magnetotransport properties. However
intriguingly, recent quasiparticle interference (QPI) [6] mea-
surements also only detected a single peanut-shaped electron
pocket in FeSe in the low-temperature limit. In that case the
non-observation of the peanut along b was attributed to a dra-
matically lower quasiparticle weight on the dxz and dxy or-
bitals [30] which predominantly constitute that pocket, while
the dyz orbital which dominates the electron pocket along a
was proposed to remain coherent with near-unity quasipar-
ticle weight. Broadly speaking, this scenario could be con-
sidered to be consistent with our ARPES measurements, but
some details vary. For instance, we can clearly observe some
dxy dispersions on the electron pocket that we do observe in
Fig. 2(b). Moreover we find sharp quasiparticle-like disper-
sions of the dxz sections of the hole pocket in Fig. 1(c), and
we do not see any obvious evidence for an orbitally-selective
loss of coherence around the hole pocket. Nevertheless a
pocket- or momentum-selective loss of quasiparticle weight
would be a reasonable alternative explanation of our measure-
ments. However given the high resolution of the measure-
ments here and in the literature, it would be necessary for
the quasiparticle weight to be extremely low all around this
pocket (e.g. less than the observed weak intensity from the
∼20% minority twin domain), otherwise it would have been
directly detected in some geometry. Firm arguments for either
scenario are yet to be developed and other explanations could
be possible, and so we would encourage further theoretical
investigations of this phenomenon.
The knowledge gained by these detwinned ARPES mea-
surements complements the existing high-resolution ARPES
measurements of twinned samples of FeSe [17, 19], and al-
lows for some robust conclusions on the the experimental
electronic structure of FeSe in the nematic phase, in conjunc-
tion with quantum oscillations [31, 32] and QPI [6] data in the
literature. Here we have confirmed that the single hole and the
single observed electron pocket are oriented orthogonal to one
another in the nematic phase, which cannot be explained with
a simple nxz − nyz ferro-orbital polarisation on the Fe sites,
and is instead a firm proof that momentum-dependent or bond-
type orderings must be considered. Thus a purely ferro-orbital
ordering is excluded, and moreover a purely d-bond nematic
ordering is excluded because such a scenario cannot account
for the band splittings at the Γ point [1, 19]. The unidirectional
nematic bond ordering which we proposed in Ref. [17] natu-
rally accounts for the observed experimental Fermi surfaces,
but it is a now a rather subtle question whether differences
between this and other proposals which vary mainly in the
shape and size of the non-observed electron pocket [30, 33]
can be distinguished experimentally. However we emphasise
that the dramatic one-peanut observation revealed by our mea-
surements presents a more fundamental question than the ex-
act details of the magnitude and momentum-dependence of
the orbital ordering in the nematic phase.
To summarise, we have reported high-resolution detwinned
ARPES measurements of FeSe. At low temperatures, the ob-
served Fermi surface consists of a small elliptical hole pocket
oriented along the b axis and a small peanut-shaped electron
pocket oriented along the a axis; the expected electron pocket
along the b axis is not observed at all. Our result mark a
step-change in the quality of ARPES spectra of detwinned
Fe-based superconductors and reveal the profound electronic
anisotropies in the nematic phase of FeSe.
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